We report the first demonstration of resonant x-ray diffraction microscopy for element specific imaging of buried structures with a pixel resolution of 15 nm by exploiting the abrupt change in the scattering cross section near electronic resonances. We performed nondestructive and quantitative imaging of buried Bi structures inside a Si crystal by directly phasing coherent x-ray diffraction patterns acquired below and above the Bi M 5 edge. We anticipate that resonant x-ray diffraction microscopy will be applied to element and chemical state specific imaging of a broad range of systems including magnetic materials, semiconductors, organic materials, biominerals, and biological specimens.
Much of our understanding of material behavior comes from detailed knowledge of its properties below the molecular scale [1] . While scanning probe microscopy and transmission electron microscopy can routinely image structures at atomic resolution [2, 3] , it remains a daunting task for nondestructive and quantitative imaging of buried structures on the nanometer scale with elemental and chemical specificity. X rays are ideally suited for element and chemical state specific imaging of buried structures due to their long penetration depth and the presence of core electron resonances in this energy region [4] . To date, a number of x-ray spectromicroscopes such as photoemission electron microscopes, x-ray fluorescence microscopes, scanning and transmission x-ray microscopes have been developed for imaging of magnetic materials, organic and biological specimens with elemental and chemical specificity [5] [6] [7] [8] . However, the spatial resolution is currently limited by x-ray focusing optics. By using Fresnel zone plates, the smallest focal spot currently attainable is 30 nm for hard x rays [9] and 15 nm for soft x rays [10] . Furthermore, when the focal spot of soft x rays reaches 15 nm, the depth of focus becomes smaller than 0:5 m [11] , which limits the thickness of the sample under investigation. To overcome these obstacles, x-ray diffraction microscopy was developed for high-resolution imaging by avoiding the use of lenses (i.e., lensless imaging) [12] . The technique has yielded manifestly superior resolution in nondestructive and quantitative 2D and 3D imaging of materials and biological specimens [13] [14] [15] [16] [17] [18] . Here, for the first time, we combine spectroscopy with lensless imaging and demonstrate resonant x-ray diffraction microscopy for quantitative and element specific imaging of buried structures at the nanometer scale.
Our method exploits the abrupt change of the x-ray atomic scattering factors in the vicinity of absorption edges to achieve elemental specificity. Coherent x-ray diffraction patterns were obtained just below and above the absorption edge of the target element. The difference of the reconstructed images represents the spatial distribution of the element. Figure 1 shows the schematic layout of a resonant x-ray diffraction microscope, mounted on a synchrotron undulator beam line. A grating monochromator and a pair of entrance and exit slits located far upstream of the microscope were used to control the temporal and spatial coherence of the x-ray beam. The monochromator system was designed such that a small change of the x-ray energy would not alter the beam position or direction. A 10-m-diameter pinhole selected the spatially coherent part of the beam. The sample was mounted 50 mm downstream of the pinhole. A guard slit was positioned just in front of the sample to minimize parasitic scattering from the pinhole and upstream optical components. A liquidnitrogen cooled CCD camera with 1024 1024 pixels, placed at a distance of 49 cm downstream of the sample, was used to record coherent x-ray diffraction patterns.
We applied the element specific imaging technique to map out Bi dopants inside a Si crystal. Despite their small concentration, dopant atoms often control the overall physical properties of materials. The precise manipulation of dopants has opened up new possibilities in designing advanced functional materials [19] . Bi among group-III and V semiconductors has attracted considerable attention due to its role as a superior surfactant with the smallest segregation coefficient and solid solubility. As a good surfactant, it is often used to facilitate the hetero-epitaxial growth of Si=Ge with sharp boundary, which is critical for the applications in optoelectronic devices [20, 21] . The Bi doped Si film of 1 m thick was grown by using molecular beam epitaxy to codeposit Bi and Si atoms together, after growing a Si:Ge buffer layer on a Si (001) wafer. As the growth temperature was relatively low (300 C), most of Bi should be incorporated into the Si film [22] . The sample was heavily doped with a dopant density of 5 10 20 cm ÿ3 . Before the x-ray diffraction experiment, the Si:Ge buffer layer was chemically dissolved to separate the doped Si layer from the Si wafer by using a poly-silicon etchant. The etchant solution was mixed in a ratio of 40:1:2:57 with HNO 3 70%:HF49%:CH 3 COOH:H 2 O. Coherent diffraction patterns were acquired from a Bi doped Si sample at x-ray energies of 2.550 keV and 2.595 keV, just below and above the Bi M 5 edge, respectively. As the sample thickness is about 3 times less than the attenuation length at these x-ray energies, the multiple scattering effect is negligible in our experiment. Figure 2(a) shows the x-ray diffraction pattern at 2.550 keV. The origin of the intense speckles is mainly due to the finite size and the surface morphology of the sample, where the speckle size is proportional to the inverse of the sample size. The zoom-in region shown in Fig. 2(b) is compared with the same region of the diffraction pattern obtained at 2.595 keV [ Fig. 2(c) ]. While the diffraction patterns overall look very similar, the lineouts shown in Fig. 2 (d) indicate noticeable differences between the two patterns. Because they share the same sample boundary, the diffraction patterns possess the same speckle size. But the contrast difference of the speckles is due to the abrupt change of the real and imaginary components of the Bi atomic scattering factor, whereas the imaginary component is about 2.8 times larger at 2.595 keV than at 2.550 keV [23] . The difference becomes more noticeable at higher spatial frequency (Q > 0:081=nm), indicating that the change in index of refraction of the sample occurs on a shorter length scale ( < 120 nm).
Because the atomic scattering factor of Bi is complex valued, the diffraction pattern is noncentrosymmetric as shown in Fig. 2(a) . Complex-valued objects are in general more difficult to reconstruct than real objects [24] ; we overcome this problem by using the guided hybrid-inputoutput algorithm (GHIO) [25, 26] . The GHIO algorithm began with 20 independent reconstructions of each diffraction pattern with random phase sets as the initial input. Each reconstruction iterated back and forth between real and reciprocal space, while applying constraints in both domains. In real space, the pixel values outside of a support and the negative real or imaginary component of the pixel values inside the support were slowly pushed close to zero, where the support is a boundary larger than the envelope of the specimen. In reciprocal space, the phases were updated with each iteration, while the modulus of the Fourier transform was left unchanged. After 4000 iterations, 20 images were obtained, defined as the 0th generation. For each image, the R F value was then calculated, which represents the difference between the modulus of the calculated and the measured Fourier modulus. By multiplying the image with the lowest R F , the so-called seed, with each of the 20 images and taking the square root of the product, we obtained a new set of 20 images, which was used for the next generation. This step merged the best image in the current generation with each of the 20 images so that the ''favorable gene'' (i.e., the smallest R F ) would be passed on to the succeeding generations. We repeated the process in each generation. After 11 generations, the best 3 out of 20 images with the smallest R F values were averaged to determine a tight support (i.e., the true boundary of the specimen). Using this tight support, we ran another 11 generations of GHIO to obtain 20 consistent images. The best 3 images with the smallest R F values were averaged to obtain the final reconstructed image.
To assure the reliability of the reconstruction process, we carried out 2 independent GHIO runs for each coherent x-ray diffraction pattern. The independently reconstructed images were very consistent, from which we estimated the reconstruction error to be 4:4% [27] . The reconstruction error (R real ) was determined by R real P x;y j 1 x; y ÿ 2 x; yj= P x;y j 1 x; y 2 x; yj, where 1 x; y and 2 x; y represent two independently reconstructed images for each coherent x-ray diffraction pattern. Figures 3(a)  and 3(b) show the reconstructed images below and above the Bi M 5 edge with a pixel resolution of 14.5 nm. The pixel resolution (d) was determined based on d z=pN, where z is the distance from the sample to the CCD, is the wavelength, p is the CCD pixel size, and N is the number of pixels with good diffraction signals. The two images were normalized based on the total x-ray flux and the atomic scattering factor of Bi and Si [23] . Figure 3(c) shows the difference of the two images, which represents the spatial distribution of the buried Bi dopant structure. Figure 4 shows the distribution of the Bi structure (yellow) along the dashed line in Fig. 3(c) , obtained by subtracting the image below the Bi M 5 edge (green) from that above the edge (blue). The distribution of Bi structures is clearly distinguished from the reconstruction error of 4:4%. An SEM image of the sample is shown in Fig. 3(d) . The surface morphology of the SEM image is consistent with the x-ray images, which further verifies the fidelity of the image reconstruction process. The images acquired by the two techniques are markedly different, however. The x-ray diffraction microscope provides the index of refraction of the sample, projected along the incident x-ray direction, whereas the SEM shows only the surface structure of the sample. Fig. 3(c) , obtained by subtracting the reconstructed image below the Bi M 5 edge from that above the edge.
Based on the elemental map of Bi dopants in Fig. 3(c) , we observed that the Bi atoms are broadly dispersed, consistent with the weak segregation tendency. However, clusters of Bi atoms also appeared as shown in Figs. 3(c) and 4, implying that the atomic growth was influenced by non-negligible interlayer correlation among Bi atoms. The interlayer correlation can be attributed to a strong elastic strain caused by the size mismatch of Bi atoms which have an atomic volume almost 3 times larger than that of the host Si atoms. Our understanding of the 3D self-assembly of nanostructures up to now has mainly relied either on reciprocal-space analysis techniques such as diffuse x-ray scattering [28] or destructive characterization methods of TEM [3] . While the reciprocal-space approach studies averaged structure information, the x-ray diffraction microscope provides ab initio information of local structures on the nanometer scale. We expect that this novel imaging technique can be used to gain in-depth understanding of atomic growth on systematically prepared samples.
In summary, we demonstrated resonant x-ray diffraction microscopy at nanometer resolution by exploiting the abrupt change in the scattering cross section near electronic resonances. This was achieved by obtaining coherent x-ray diffraction patterns below and above the absorption edge of a specific element, and then taking the difference between the reconstructed images to obtain the elemental distribution. We performed nondestructive and quantitative imaging of buried Bi structures inside a micrometer-sized Si crystal. While we achieved a pixel resolution of 15 nm, the ultimate resolution is limited only by the x-ray wavelengths and can in principle reach the near atomic level. Resonant x-ray diffraction microscopy hence in principle opens a pathway to the detection of single dopant atoms. Moreover, this imaging technique is also sensitive to chemical states via near-edge resonances and can be extended to exploit other contrast mechanisms depending on resonant transitions such as x-ray magnetic circular dichroism [29] . Resonant x-ray diffraction microscopy can thus be adapted to perform electronic orbital as well as chemical state specific imaging of magnetic materials [4, 8] , semiconductors [30] , organic materials [7] , biominerals [31] , and biological specimens [13, 32, 33] . While radiation damage may ultimately limit the attainable resolution of biological specimens, new sources such as xray free electron lasers will enable damage to be circumvented by acquiring the diffraction patterns on ultrafast time scales [16, 34, 35] .
